Abstract. The Einstein-Podolsky-Rosen (EPR) paradox is demonstrated experimentally for continuous variables by employing a nondegenerate optical parametric amplifier (NOPA). Such a system is analogous to and under some ideal conditions is in one-to-one correspondence with the original system discussed by EPR. In particular, the quadrature-phase amplitudes for a signal beam are inferred in turn from those of a spatially separated but strongly correlated idler beam, where these optical amplitudes are analogous to canonical position and momentum variables. The variances for the two inferences are measured and their product is observed to be below the limit of unity associated with the Heisenberg uncertainty relation, in apparent contradiction with quantum mechanics according to the argument of EPR. The smallest product of inference variances achieved in the experiment is (0.70 4-0.01). Various other types of quantum noise for this system are also investigated, and a theory of a narrowband NOPA is presented with losses included. A comparison between experiment and this theory shows relatively good agreement. The question of a local hidden-variables description of the system is discussed.
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Over the past several years, the process of parametric downconversion has been employed to produce a variety of nonclassical states of light. Depending on the type of the para-. metric process considered and on the strength of the pump wave, various groups have generated squeezed states [1] [2] [3] [4] [5] [6] [7] [8] , single-photon Fock states [9] , two-photon states [10] and twin photon beams [11] [12] [13] [14] with relative ease in the laboratory. Applications with these nonclassical states in precision measurement [2, 15] , spectroscopy [8] and quantum communication [16] have also been explored. For the particular case of nondegenerate parametric down-conversion, the pump photon is split into a pair of photons called signal and idler that are highly correlated in time [17] and in photon number [11] [12] [13] [14] (Fig. la) . The quadrature-phase amplitudes for these two beams are also highly correlated as was discussed by proposed a gedanken experiment involving a system of two particles spatially separated but correlated in position and momentum. From their view of local realism, EPR concluded that quantum mechanics is incomplete since apparently canonically conjugate variables for one of the particles could be assigned definite values from measurements of the other particle in conflict with the Heisenberg uncertainty principle [23] . Subsequently, Bohm [24] presented a variant of EPR's argument for a system of discrete variables and analyzed [25] an experiment performed by Wu and Saharov [26] . The irreducible conflict between quantum mechanics and local realism was finally understood and formalized by Bell in the well-known Bell inequalities [27, 28] . Since then there have been numerous discussions and experiments related to this issue, with a very persuasive experiment being the one by Aspect et al. [29] . Note that throughout the second half of this century, most theoretical discussions including the classic one by Bell and all experimental demonstrations have focused on Bohm's version of the EPR paradox which involves a system with discrete variables (such as electron spin or photon polarization), in contrast to the system originally discussed by EPR with continuous variables (position and momentum).
The fundamental issue in experiments of the type proposed either by EPR or by Bohm is the existence in quantum theory of a kind of nonlocal correlation between two spatially separated subsystems. Of course Bell [27] proved that such quantum correlations are so large in certain systems as to exclude a whole class of theories based upon objective realism (the so called hidden-variables theories). Returning to the example of signal and idler beams generated by parametric down conversion, we might expect that the strong intrinsic correlations of these beams could lead to the kind of quantum nonlocal correlations discussed above. This is indeed the case as has been demonstrated in experiments involving fourth-order interference of signal and idler beams where Bohm's argument applies to the polarization correlations of a suitably arranged system and where violations of Bell inequalities have been reported [30, 31] . Other fourth-order interference experiments demonstrating quantum nonlocal correlations have involved such variables as position [32] and phase [33] . However, there does not exist a position observable for the photon [34] and experiments parametrized by phase delay as in [33] lead to discrete outcomes and to Bell inequalities with the same form as those for polarizations [31] . In any case many recent observations involving fourth-order interference are directed to the question of Einstein locality and not to the explicit demonstration of the EPR paradox.
Inclusive of these experiments with photon pairs in parametric down conversion, the reported demonstrations of the EPR paradox and of violations of Bell inequalities are based on correlations of discrete variables. As far as we know, an experimental demonstration of the EPR paradox with continuous variables along the lines of the original discussion has not yet been realized either optically or otherwise. Possible demonstrations of the original EPR paradox by employing the scattering of massive particles [25] are hampered by the requirements for extremely accurate measurements of the positions and momenta of the particles after the scattering event. By contrast it is relatively stralghtfoward to implement a nearly ideal measurement of quadrature-phase amplitudes of an optical field. Hence the nonclassical correlations of quadrature-phase amplitudes studied by Reid and Drummond [20] and by Reid [21] for the system of two spatially separated signal and idler beams produced in nondegenerate parametric amplification provide an extremely attractive avenue toward a realization of the original EPR gedanken experiment. Actually, in the limiting case when the parametric gain approaches infinity and passive losses go to zero, the wave function for the state of signal and idler modes has the same form as the wave function for the two particles discussed by EPR (see Sect. 2). More specifically, each mode of the electromagnetic field is analogous to a harmonic oscillator, with the quadrature-phase amplitudes of the electromagnetic field playing the roles of canonical position and momentum variables for the oscillator. Since quadrature-phase amplitudes of light can be readily measured with a homodyne detection scheme, the demonstration of the original EPR paradox becomes feasible.
We should however note at the outset that the correlations originally discussed by EPR can be described in purely local terms with the aid of the Wigner function [35, 36] . Since the Wigner function is everywhere positive both for the original EPR gedanken experiment as well as for the experiment that we report, we must conclude that the EPR correlations are not in conflict with local realism and that no paradox exists in the modern sense (i.e., there is a local hidden variable theory that successfully describes the system [36] ). By contrast, the nonlocal correlation for the spin and polarization systems is irreducible as specified by the Bell inequalities [27, 28] . Thus the demonstration of the original EPR paradox does not enable us to say anything about local realism and quantum theory. Nonetheless, an investigation of correlations of continuous variables in spatially extended systems is a first step toward a possible generalization of the Bell inequalities to this setting.
In this paper, we study the nonclassical correlations of quadrature-phase amplitudes between signal and idler beams generated by a subthreshold optical parametric oscillator that is operated in a frequency degenerate but polarization nondegenerate mode. By inferring in turn the two quadrature-phase amplitudes of the signal beam from measurements of those of the spatially separated idler beam, we are able to achieve a reasonably faithful realization of the original EPR paradox with continuous variables. If instead of directly examining the signal and idler modes, these fields are combined to form two new modes, we find that both of these new modes are squeezed and exhibit noise reduction below the vacuum noise level. The measured correlations and noise reductions are compared with a theoretical treatment similar to that in [20] with good agreement.
The organization of the paper is as follows: in Sect. 1, we present a theoretical treatment of a nondegenerate optical
